differences in the LEC-treated, CD11b-DTR and CD11c-DTR mice. MCP-1 and CXCL1 (known mediators of AKI), and also GMCSF and IL-1 ␤ were increased in AKI and decreased in LECtreated AKI but not AKI in CD11b-DTR or CD11c-DTR mice. Conclusions: These findings suggest that LEC-mediated protection from AKI is not simply mediated by depletion of renal macrophage or dendritic cell subpopulations. Protection against AKI in LEC-treated compared to CD11b-DTR or CD11c-DTR mice may be partially explained by differences in proinflammatory cytokine profiles.
also engulf clodronate [8] [9] [10] . Thus, it is unclear whether the protection against ischemic AKI seen in LEC-administered mice is due to depletion of mononuclear phagocytes, dendritic cells, or both. The individual contribution of macrophages or dendritic cells in the kidney to the pathophysiology of ischemic AKI is unknown and is the focus of the present study.
Macrophages and dendritic cells originate from a common progenitor mononuclear phagocyte system in bone marrow. Both macrophages and dendritic cells are antigen-presenting cells and play an important role in initiating innate immune responses and generating adaptive immunity. Macrophages and dendritic cells share many surface markers and properties essential to defense and tissue remodeling and repair. Both macrophages and dendritic cells are found in normal renal tissue and their populations increase in various renal diseases where they are involved in initiation and progression of renal diseases.
In the present study, we examined different strategies aimed at depleting renal macrophages and dendritic cells, utilizing LEC administration versus transgenic mice expressing diphtheria toxin (DT) receptors (DTR) under the promoters for either CD11b or CD11c, with the presumption that DT injection to CD11b-DTR transgenic mice would more selectively deplete mononuclear phagocytes, while DT injection to CD11c-DTR transgenic mice would more selectively deplete dendritic cells. Due to the well described proinflammatory effects of mononuclear phagocytes, we hypothesized that mononuclear phagocyte depletion using LEC or CD11b-DTR mice would protect against AKI whereas dendritic cell depletion in CD11c-DTR mice would not. We utilized flow cytometry to confirm renal cell depletion and to better characterize the resident leukocytes in the setting of AKI. To our knowledge, this is the first study to examine ischemic AKI in CD11b-DTR and CD11c-DTR mice.
Methods

Mice and Injections
Adult male mice 8-10 weeks of age weighing 20-25 g were used for all experiments. Wild-type C57/B6, wild-type Balb/c, and CD11b-DTR transgenic mice on the Balb/c background were purchased from The Jackson Laboratory. CD11c-DTR transgenic mice on the C57/B6 background were provided by Dr. Ross Kedl.
Cell Depletion
To deplete DTR-expressing cells, the DTR transgenic mice were injected IV via the tail vein with DT (25 ng/kg body weight for CD11b-DTR and 4 ng/kg body weight for CD11c-DTR) 18 h prior to surgery. Controls included wild-type mice injected with DT and transgenic mice injected with equivalent volume of PBS. To deplete phagocytic cells, mice were injected via their tail veins with 200 l of LEC 5 and 2 days prior to surgery. Control animals were injected with the same volume of empty liposome on the same days. Empty liposomes (vehicle) and LEC were prepared as previously described in detail [4] [5] [6] [7] . Clodronate (clodronic acid) [(dichloromethylene) bisphosphonic acid] (CH4Cl2O6P2) was obtained from Roche Diagnostics GmbH (Mannheim, Germany).
Ischemia Protocol
The operator was blinded to treatment groups. Mice were anesthetized with IP Avertin (2,2,2-tribromoethanol; Aldrich, Milwaukee, Wisc., USA). A midline incision was made and the renal pedicles were bilaterally clamped for 24 min with microaneurysm clamps. The time of ischemia was chosen to obtain a reversible model of ischemic acute renal failure and avoid animal mortality. Serum creatinine reaches a peak at 24-48 h of reperfusion and then gradually returns to normal within 3-7 days. This model is well established in our laboratory [3, 26] . After clamp removal, kidneys were observed for restoration of blood flow by the return to their original color. The abdomen was closed in two layers. Sham surgery consisted of the same surgical procedure except that clamps were not applied. During the first 24 h of the reperfusion period, the animals were kept in an incubator at 29 ° C. Animals were sacrificed at 24 h after ischemia for all the measurements performed in the study. Blood samples were obtained at sacrifice via cardiac puncture.
Cell Preparation, Staining, and FACS Analysis
Kidneys were removed and placed into wells of a 6-well plate containing 2 ml of click's (EHAA) medium containing collagenase D (0.5 mg/ml) and DNase (50 g/ml), and teased apart with forceps. Plates were incubated at 37 ° C for 40 min, after which 2 ml of 0.1 M EDTA (in HBSS) was added to each well and incubated an additional 5 min at 37 ° C. The cell suspension was passed through a strainer into a 50-ml tube and washed with 5 m M EDTA (in HBSS). Cells were pelleted by centrifugation and subsequently resuspended briefly in ammonium chloride buffer to lyse RBC. Cells were then washed and resuspended in HBSS containing 5 m M EDTA and 0.1% FBS. Fc receptors were first blocked by incubating cells with anti-CD16/32. Cells were then stained with conjugated antibodies of interest for at least 30 min at 4 ° C and then washed twice in FACS buffer (PBS containing 0.1% FBS and 0.1% sodium azide). Live cell counts were obtained on sample aliquots using a hemocytometer. Six-color flow cytometry was performed on a CyAn LX flow cytometer (DakoCytomation) and analyzed with Weasel version 2.2 software (The Walter and Eliza Hall Institute of Medical Research, Melbourne, Australia).
Antibodies
For flow cytometry studies the following antibodies were used: CD11b PerCP-Cy5.5 (clone M1/70) was purchased from BD Pharmingen. I-A/I-E allophycocyanin (clone M5/114.15.2), and CD11c allophycocyanin-Alexa Fluor 750 (clone HL3) were purchased from eBioscience. F4/80 PE (clone BM8) and CD45 Pacific Blue (clone 30-F11) were purchased from Biolegend.
Serum Creatinine and BUN Measurement
Serum creatinine and BUN were measured using an Astra autoanalyzer (Beckman Instruments, Fullerton, Calif., USA). Urea is detected with a kinetic urease method. A conductivity electrode measures the rate of urea formation. Creatinine is determined with a kinetic Jaffe method. A photometer measures the color formed.
Renal Cytokines
Frozen tissue samples (1/2 kidney) were homogenized in 500 l of cell lysis buffer (Bio-Rad, Hercules, Calif., USA) containing 0.4% 500 m M phenylmethylsulfonyl fluoride (PMSF) and 1% protease inhibitor cocktail (Sigma, St. Louis, Mo., USA). Samples were sonicated (model VC500; Sonics & Materials, Danbury, Conn., USA) on ice using 5 five-second pulses with time allowed for samples to cool between pulses. Samples were then centrifuged at 4,500 g for 15 min at 4 ° C. Supernatants were collected, analyzed for protein content using a Bio-Rad DC protein assay kit (Hercules, Calif., USA) with bovine serum albumin as standards, and stored at -20 ° C until use.
Renal cytokines were determined using two bead-based multiplex cytokine kits (Bio-Rad, Hercules, Calif., USA) in conjunction with flow-based protein detection and the Luminex LabMAP multiplex system (Luminex, Austin, Tex., USA) according to manufacturer's directions. This technique allows the detection of these cytokines with 20 l of a single sample. The detection limit for each cytokine was 
Statistical Analysis
Non-normally distributed data were analyzed by the nonparametric unpaired Mann-Whitney test. Multiple group comparisons were performed using analysis of variance with post-test according to Newman-Keuls. A p value ^ 0.05 was considered statistically significant. Values are expressed as means 8 SE.
Results
Flow Cytometry Analysis of Renal Leukocytes
Due to the high levels of autofluorescence from digested renal tissue and our interest in renal leukocytes, events were first selected for CD45 (common leukocyte antigen) and then further gated on forward and side scatter patterns to eliminate dead cells or debris. CD45+ gated events were further analyzed for expressions of CD11b (myeloid lineage marker) and I-A/I-E (murine major histocompatibility complex [MHC] II) suggesting antigenpresenting cell (APC) function. APCs (CD11b+ I-A/I-E+ cells) were further analyzed for F4/80 (macrophage marker) expression and CD11c (dendritic cell marker). These resident cells demonstrated uniform and moderate levels of CD11c but had varying levels of F4/80 expression. For characterization purposes we defined renal macrophages as F4/80-high and renal dendritic cells as CD11c positive and F4/80-low ( fig. 1 A, B) .
CD11b+, I-A/I-E+, F4/80+ cells (now referred to as renal macrophages) remained largely unchanged with AKI ( fig. 2 A-C) . These renal macrophages were significantly depleted with LEC treatment and with DT treatment in CD11b-DTR and CD11c-DTR mice ( fig. 2 A-C) . CD11b+, I-A/I-E+, CD11c+ and F4/80-low cells were referred to as renal dendritic cells. These renal dendritic cells were significantly depleted with LEC treatment and with DT treatment in CD11b-DTR and CD11c-DTR mice ( fig. 3 A-C) .
Renal Dysfunction Reflected by Serum Creatinine and BUN Elevation after AKI
While LEC pretreatment leads to significant functional protection from AKI, neither DT-injected CD11b-DTR nor CD11c-DTR mice were protected against AKI as measured by serum creatinine and BUN ( fig. 4 ).
Diphtheria Toxin Injection to Wild-Type Mice with AKI
To determine if DT injection itself were injurious in the setting of AKI, thus explaining the lack of renal protection in the DT-injected models, vehicle versus DT was injected intravenously to wild-type mice with AKI and serum creatinine, and renal expression of the proinflammatory cytokines CXCL1 and IL-6 were determined. Serum creatinine, renal CXCL1, and renal IL-6 were statistically similar in vehicle versus DT-injected mice with AKI at both 4 and 24 h post-procedure. Thus, DT injection itself does not appear to be nephrotoxic. 6 ). The effect of ischemic AKI on cytokines/chemokines in CD11c-DTR mice is demonstrated in figure 7 . There were increases in IL-1 ␤ , IL-6, CXCL1 and MCP-1 in CD11c-DTR mice with AKI. Depletion of CD11c cells had no effect on the increase of IL-1 ␤ , IL-6, CXCL1 and MCP-1 ( fig. 7 ) . IL-1␤ in sham mice was lower in CD11b mice compared to wild-type and CD11c mice. The decrease did not reach statistical significance. The decrease in IL-1␤ in CD11b mice may be related to the fact that the CD11b mice were in the Balb/c background while the wild-type and CD11c mice were in the C57/B6 background.
Discussion
Utilizing flow cytometry, we were able to identify resident renal leukocytes, characterized by constitutive high expressions of CD11b and I-A/I-E, similar to APCs in other peripheral nonlymphoid organs. These resident renal leukocytes expressed F4/80 (macrophage marker) and CD11c (dendritic cell marker) in an overlapping pattern. To our surprise, renal macrophages (F4/80-high) and renal dendritic cells (F4/80-low) were both depleted by a similar degree in CD11c-DTR as well as LEC-treated and CD11b-DTR mice. However, protection from renal dysfunction measured by serum creatinine and BUN levels was not similar. While LEC-treated animals had a significant functional protection from AKI, DT-injected CD11b-DTR and CD11c-DTR mice suffered similar degrees of renal dysfunction following AKI. Thus, these data suggest that LEC-mediated protection from AKI is not simply mediated by depletion of renal macrophages and dendritic cells which are capable of producing proinflammatory mediators after AKI.
One potential explanation for renal protection observed in LEC treatment but not in DT transgenic models is that DT injection itself may be nephrotoxic. We investigated this possibility and found that serum creatinine and renal cytokines (IL-6 and CXCL1) were similar in vehicle-injected mice with AKI versus DT-injected mice with AKI; thus DT itself is not nephrotoxic as judged by these parameters. Another explanation is that further differentiations amongst these renal macrophages exist beyond their F4/80 or CD11c expression. Thirdly, these different depletion strategies, while leading to similar patterns of depletion in renal macrophages and dendritic cells, may have different depletion patterns of nonrenal leukocytes thus implicating the potential role in AKI of macrophages and dendritic cells in nonrenal organs Lastly, dendritic cells may not be injurious as previously thought [11, 12] but may be protective in AKI. As evidence of the protective role of dendritic cells in AKI, CD11c-DTR mice depleted of dendritic cells before cisplatin treatment had worse AKI, tubular injury, neutrophil infiltration and higher mortality than nondepleted mice [13] . In a follow-up study, chimeric mice lacking IL-10 in dendritic cells had worse renal dysfunction than chimeric mice positive for IL-10 in dendritic cells suggesting that IL-10 produced by dendritic cells accounts for a portion of the protective effect of dendritic cells in cisplatin-induced AKI [14] . In the same study, Reeves et al. did not see an increase in IL-10 mRNA in the kidney at 24 h after cisplatin administration [14] . In the present study, there was no significant change in IL-10 in the kidney at 24 h after ischemia in any of our models. It is possible that changes in IL-10 occur at earlier or later time points. However, in a recent study, we did not see increases in IL-10 mRNA in the kidney in the first 6 h after ischemia [15] .
Our data suggest that labeling of resident renal antigen-presenting cells as either macrophages or dendritic cells should still be open to debate, as strategies aimed at differential depletion of one or the other cell type led to similar patterns of depletion. Previous studies have shown that magnetic bead-enriched renal leukocytes for CD11c also express F4/80 and have other phenotypic and functional characteristics of immature dendritic cells rather than macrophages [16] . Depletion of renal macrophages in CD11c-DTR mice after DT treatment also suggests they may be more dendritic cell-like. However, their similar depletion within CD11b-DTR mice after DT treatment may also suggest macrophage-like lineage. Our findings underscore the limitations of associating cell types and functional behaviors with a few selected surface markers, as our data demonstrate the unexpected changes after LEC-and DT-mediated depletions. Thus, caution must be used to interpret findings using only few broadly expressed surface markers such as CD11b, CD11c or I-A/I-E.
Inflammatory mediators and proinflammatory cytokines play an injurious role in the pathophysiology of AKI [17, 18] . As renal leukocyte depletion patterns did not explain the protection against renal dysfunction, we measured renal cytokine profiles in the LEC-treated, CD11b-DTR and CD11c-DTR mice in order to uncover potential mechanisms of protection. Notably, LEC treatment resulted in a decrease in the cytokines IL-1 ␤ , CXCL1, GMCSF and MCP-1 in AKI that was not seen in the CD11b-DTR and CD11c-DTR mice. The neutrophil chemokine CXCL1 is a well-known mediator of ischemic AKI as inhibition with repertaxin [19] or antibodies to CXCL1 [20] is protective. Also, inhibition of MCP-1/ CCR2 signaling results in protection against ischemic AKI demonstrating the injurious role of MCP-1 in AKI [21] . Ischemia induces an increase in GMCSF in the kidney [22] . However, IL-1 ␤ inhibition is not protective in ischemic [23] , endotoxemia-induced [24] or cisplatin-induced AKI [25] . Thus it is possible that the protection against ischemic AKI with LEC is due to a decrease in CXCL1, GMCSF and/or MCP-1. In summary, LEC treatment, DT treatment of CD11b-DTR and CD11c-DTR transgenic mice led to similar depletions of renal APCs (CD11b+, I-A/I-E+, CD11c+, F4/80+/-) in ischemic AKI. Surprisingly, however, only the LEC-treated animals had a significant functional protection from AKI. To investigate the reason for the lack of protection in CD11b and CD11c-DTR mice, proinflammatory cytokines/chemokines were measured. Cytokines/chemokines that are thought to be injurious in AKI like MCP-1, GMCSF and CXCL1, were increased in AKI and decreased in LEC-treated AKI but not AKI in DT injected CD11b-DTR or CD11c-DTR mice. In conclusion, protection against AKI in LEC-treated versus CD11b-DTR or CD11c-DTR mice is not purely explained by differences in renal APCs but may be partially explained by differences in proinflammatory cytokines.
